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ABSTRACT
Although there has recently been tremendous progress in studies of fast radio bursts (FRBs), the
nature of their progenitors remains a mystery. We study the fluence and dispersion measure (DM)
distributions of the ASKAP sample to better understand their energetics and statistics. We first
consider a simplified model of a power-law volumetric rate per unit isotropic energy dN/dE ∝ E−γ
with a maximum energy Emax in a uniform Euclidean Universe. This provides analytic insights for
what can be learnt from these distributions. We find that the observed cumulative DM distribution
scales as N(> DM) ∝ DM5−2γ (for γ > 1) until a maximum DMmax above which bursts near
Emax fall below the fluence threshold of a given telescope. Comparing this model with the observed
fluence and DM distributions, we find a reasonable fit for γ ∼ 1.7 and Emax ∼ 1033 erg Hz−1. We
then carry out a full Bayesian analysis based on a Schechter rate function with cosmological factor.
We find roughly consistent results with our analytical approach, although with large errors on the
inferred parameters due to the small sample size. The power-law index and the maximum energy
are constrained to be γ ' 1.6± 0.3 and logEmax [erg Hz−1] ' 34.1+1.1−0.7 (68% confidence), respectively.
From the survey exposure time, we further infer a cumulative local volumetric rate of logN(E >
1032 erg Hz−1) [Gpc−3 yr−1] ' 2.6± 0.4 (68% confidence). The methods presented here will be useful
for the much larger FRB samples expected in the near future to study their distributions, energetics,
and rates.
Subject headings: radio continuum: general
1. INTRODUCTION
Fast radio bursts (FRBs, Lorimer et al. 2007; Thorn-
ton et al. 2013) are millisecond radio pulses with large
dispersion measures (DMs) strongly suggesting an extra-
galactic origin. This has been directly confirmed by the
repeater FRB 121102 (Spitler et al. 2016a), which has
been localized to a z = 0.19 galaxy (Chatterjee et al.
2017; Tendulkar et al. 2017). FRBs promise to provide
amazing probes of the baryonic distribution across cos-
mological distances, but before their full potential can be
reached, a fundamental understanding of their sources is
required (for an overview of the observations and po-
tential progenitor models, see Platts et al. 2018; Petroff
et al. 2019a)3. A chief issue is the connection between
repeating FRBs and those seemingly one-off bursts. Do
all FRBs have the same source as the repeaters? What
is the volumetric rate of FRBs as a function of their en-
ergies? And how do their nature and rate impact their
utility as cosmological probes?
These questions have made discovering FRBs and mea-
suring their physical properties some of the leading sci-
entific goals of many current and future telescopes, such
as Parkes (Thornton et al. 2013; Champion et al. 2016;
Bhandari et al. 2018), Arecibo (Spitler et al. 2016a), UT-
MOST (Bailes et al. 2017; Caleb et al. 2017), ASKAP
(Bannister et al. 2017; Shannon et al. 2018), CHIME
(CHIME/FRB Collaboration et al. 2018), FAST (Li et al.
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2013), and Apertif (Maan & van Leeuwen 2017). This
has led to a rapidly growing but highly heterogeneous
sample of FRBs. In Figure 1, we summarize the DMs
and fluences of currently published FRBs (Petroff et al.
2016)4. The DMs are obtained by subtracting from the
total measured values the contributions of the interstel-
lar medium (Cordes & Lazio 2002) and halo (DMhalo =
30 pc cm−3) of the Milky Way.
Many studies have been carried out to statistically con-
strain the volumetric rate and luminosity/energy distri-
bution function of the growing sample of FRBs, which
may provide important clues about their progenitors
(Katz 2016; Lu & Kumar 2016; Li et al. 2017; Nicholl
et al. 2017; Macquart & Ekers 2018; Luo et al. 2018;
Bhattacharya et al. 2019). Such work has mainly fo-
cused on the Parkes sample. Although Parkes accounts
for almost half of the bursts, there are many selection
effects that make it fluence-incomplete (Keane & Petroff
2015; Patel et al. 2018), e.g., different backend instru-
ments (AFB vs. BPSR) and galactic-latitude rate de-
pendence (Petroff et al. 2014; Burke-Spolaor & Bannister
2014). Likely the most serious issue is that the fluences
of Parkes bursts are often lower limits (by assuming they
occurred at the beam center) and are uncertain by up to
an order of magnitude due to poor localization by single-
beam detection. Three Parkes bursts (010724, 110214,
150807, shown in Figure 1 with errorbars) had multi-
beam detections and their fluences included the correc-
tion of antenna attenuation (Ravi et al. 2016; Petroff
et al. 2019b; Ravi 2019).
Recently, the Commensal Real-time ASKAP Fast
Transient (CRAFT) survey, targeting the brightest por-
4 http://frbcat.org
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Fig. 1.— The DM and fluence of the current sample of FRBs
from the FRB Catalog (Petroff et al. 2016). The three dashed lines
show F = Emax/4piD2L for Emax = 10
33.4 (−1σ), 1034.1 (medium
value), and 1035.2 erg Hz−1 (+1σ) as constrained by our Bayesian
analysis in §4. The luminosity distance DL(z) is based on the
numerical relation z(DM) of Zhang (2018). Three of the Parkes
bursts had multi-beam detections and hence their fluences (shown
with errorbars) had been corrected for antenna attenuation.
tion of the FRB population, has published 23 bursts
— the first and largest well-controlled sample to date.
These bursts have well-measured fluences (uncertainty5
of ∼20%) because the overlapping beam arrangement al-
lows the full focal plane to be uniformly sampled (Shan-
non et al. 2018). The survey had high galactic latitude
pointings |b| = 50 ± 5 deg, which eliminates potential
biases due to varying sky temperature and Galactic DM
contribution. For the above reasons, we focus on the rel-
atively uniform ASKAP sample (Bannister et al. 2017;
Shannon et al. 2018; Macquart et al. 2019). which can be
shown to be roughly complete above a threshold fluence
of ∼50 Jy ms.
This paper is organized as follows. We start with a
simplified model to explain the observed DM distribu-
tion and the fluence distribution in §2. Then, we discuss
the inferred model parameters and implications in §3. A
numerical Bayesian analysis with a more sophisticated
model is presented in §4 to compare with our simpler an-
alytic approach. Possible sample completeness issues are
discussed in §5. A few other potential caveats to keep in
mind for future work are discussed in §6. A summary is
provided in §7.
2. DM AND FLUENCE DISTRIBUTION
In our sample, bursts with similar DM (or distance)
show a large spread in fluences, which motivates us to
consider a power-law volumetric rate of FRB events per
5 One exception is FRB 170110 with a fluence of 200+500−100 Jy ms
(90% confidence). This large uncertainty is due to detection in a
corner beam with poor localization (Shannon et al. 2018). Never-
theless, it is well above the ASKAP fluence threshold and is hence
included in our analysis.
unit (isotropic) energy
dN/dE = AE−γ , (1)
with a maximum energy of Emax above which there are
no FRBs.
Law et al. (2017) found a power-law index of γ ∼ 1.7
from the statistics of the first repeater FRB 121102
(see also Wang & Yu 2017). This is similar to the en-
ergy distribution of high-energy bursts from magnetars
(Turolla et al. 2015), which perhaps lends support for
models which argue for magnetars as the progenitors of
FRBs (Popov & Postnov 2010; Lyubarsky 2014; Kulka-
rni et al. 2014; Pen & Connor 2015; Katz 2016; Ku-
mar et al. 2017; Metzger et al. 2017; Beloborodov 2017).
Whether or not this is the case, such indices are nat-
ural consequences of self-organized critical phenomena
(Katz 1986; Bak et al. 1987; Aschwanden et al. 2016).
More recently, Gourdji et al. (2019) reported 41 bursts
from two hours of Arecibo observations6, most of which
are faint (E ∼ 1029 erg Hz−1), narrow-band (∼200 MHz),
and low signal-to-noise ones found by careful visual selec-
tion against RFIs. The authors obtained a much steeper
power-law index γ ∼ 2.8 from this sample. It is possible
that the inferred γ is affected by the selection biases in
different analyses and the non-Poissonian occurrence pat-
tern (Oppermann et al. 2018). In this paper, we focus on
the energy distribution of all FRBs (including repeaters
and non-repeaters) and do not impose a prior on γ based
on the knowledge of FRB 121102.
Setting Fth as the threshold fluence for detection, the
total number of events observed below a distance D is
N(< D) =
∫ D
0
4piD2dD
∫ Emax
4piD2Fth
dN
dE
dE
=
AE1−γmax
γ − 1
∫ D
0
4piD2dD
[(
4piD2Fth
Emax
)1−γ
− 1
]
. (2)
Since bursts in our sample have low redshifts, we ignored
the cosmological effects and changes of the rate normal-
ization A with distance (these will be included in the
numerical analysis in §4).
For sufficiently nearby bursts such that 4piD2Fth 
Emax, the scaling of the cumulative number is
N(< D) ∝
{
D3, for γ < 1,
D5−2γ , for 1 < γ < 5/2,
(3)
where the first case comes from the fact that most bursts
are near Emax (like standard candles) and the second case
reflects the effect of a wide distribution of burst energies.
For sufficiently large D, the rise of N(< D) becomes
shallower, because the maximum energy Emax limits the
number of high-redshift bursts. The maximum distance
a burst may be detected is given by
Dmax = (Emax/4piFth)
1/2. (4)
6 For comparison, earlier Arecibo searches at 1.4 GHz found
16 bursts in about 30 hours of observations (Spitler et al. 2016b;
Scholz et al. 2016, 2017).
3100 300 1000
DM (pc cm−3)
1
3
10
30
N(
<D
M)
data
(DMmax, γ) = (750, 1.7)
∝DM3
0.1 0.3 1z
Fig. 2.— Comparison of the ASKAP FRB sample (black solid
line) with Equation (5) (red dashed line) withNtot = 20, DMmax =
750 pc cm−3, and γ = 1.7. We have subtracted the DM contribu-
tions from the Galactic interstellar medium (Cordes & Lazio 2002)
and the Galactic halo DMhalo = 30 pc cm
−3. Another case of
N(< D) ∝ DM3 is shown as a short-dashed blue line.
The integral in Equation (2) gives
N(< D) =
3Ntot
2(γ − 1)
(
D
Dmax
)3
×
[(
D
Dmax
)−2(γ−1)
− 5− 2γ
3
]
, (5)
where the normalization Ntot = N(< Dmax) is
Ntot = 2AE
1−γ
max 4piD
3
max/[3(5− 2γ)]. (6)
Since at low redshifts we roughly have D ∝ z ∝ DM,
Equation (5) can easily be generalized as a function of
z or DM. In Figure 2, we compare the expression in
Equation (5) to our ASKAP sample. We assume that
the ASKAP sample is roughly complete above fluence
Fth = 50 Jy ms (see §5), which encompasses 20 out of 23
bursts in the ASKAP sample (thus we take Ntot = 20).
An energy distribution power-law index of γ = 1.7 gives
N(< DM) ∝ DM1.6 in low-DM end.
In the future when the energy distributions of individ-
ual repeaters are better measured, we can compare the
power-law index γ obtained from the non-repeating sam-
ple with that of the repeaters. This provides a constraint
on whether they belong to the same population. We also
include a comparison to N(< DM) ∝ DM3 (short-dashed
blue line), which is appropriate if most bursts have char-
acteristic energy. This is inconsistent with the ASKAP
distribution, as mentioned by Li et al. (2019).
The total number of events above fluence F is
N(> F ) =
∫ √Emax
4piF
0
4piD2dD
∫ Emax
4piD2F
dN
dE
dE. (7)
Evaluating this integral and substituting the expression
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Fig. 3.— Comparison of the ASKAP FRB sample (solid black
line) with Equation (8) (dashed red line) using Ntot = 20 and
Fth = 50 Jy ms. The sample is incomplete below the sensitivity
threshold Fth.
for Dmax from Equation (4) and A from Equation (6),
we obtain
N(> F ) = Ntot (F/Fth)
−3/2
. (8)
Thus we expect the fluence distribution to be insensi-
tive to γ (assuming γ < 5/2) and basically given by the
value expected from a characteristic burst energy and
Euclidean space. This is because, for Euclidean space,
the number of bursts above a given fluence F is domi-
nated by those at the distance ∼√Emax/4piF where the
brightest bursts are detectable (Macquart & Ekers 2018).
In Figure 3, we compare our fluence distribution given
by Equation (8) with the ASKAP sample. A model with
Ntot = 20 and Fth = 50 Jy ms provides a good fit. The
sample is incomplete below the sensitivity threshold Fth
(see §5).
3. CONSTRAINTS ON THE ENERGY DISTRIBUTION
Combining Ntot with DMmax and Fth estimated in the
previous discussions allows us to constrain the energy
distribution function of the FRB population. To relate
luminosity distance and DM we use
D ' 6.7 Gpc (DM/855 pc cm−3) , (9)
which is scaled to match the DM given by Zhang (2018)
based on the latest Planck ΛCDM cosmology (Planck
Collaboration et al. 2016). From the comparisons given
in Figures 2 and 3, we can estimate the maximum
isotropic FRB energy by using Equation (4),
Emax ' 2× 1033 erg Hz−1 Fth
50 Jy ms
(
DMmax
750 pc cm−3
)2
.(10)
This in turn should be an important constraint on any
emission model for FRBs (e.g., Lu & Kumar 2019).
On the other hand, the total exposure of the ASKAP
survey was ΩT ' 5.1×105 deg2 hr (Shannon et al. 2018),
4which corresponds to an effective all-sky survey time
Teff ' 12.4 hr. Since most bursts in our sample have
moderate redshifts z ∼ 0.5, we replace the Euclidean
volume 4piD3max/3 in Equation (6) with the comoving
volume given by the Planck cosmology. For our fiducial
values Ntot = 20, DMmax ' 750 pc cm−3, and γ ' 1.7,
the volumetric rate normalization is estimated to be
AE1−γmax ' 90 Gpc−3 yr−1. (11)
Taking Emax ' 2 × 1033 erg Hz−1, we can further esti-
mate the volumetric rate of FRBs above energy E =
1032E32 erg Hz
−1,
N(> E) ' AE
1−γ
γ − 1 ' 1.1× 10
3E−0.732 Gpc
−3 yr−1.(12)
This rate density is useful for comparison against po-
tential FRB progenitors, although a critical unknown
is how often each source may repeat at a given en-
ergy. Non-repeating models based on rare events, such
as long gamma-ray bursts or binary neutron star merg-
ers (Totani 2013; Zhang 2014; Wang et al. 2016), are
inconsistent with the high rate of low-energy FRBs with
E . 1031 erg Hz−1.
4. BAYESIAN ANALYSIS OF FULL PARAMETER SPACE
With a rough analytical understanding of the ASKAP
FRB statistics in hand, we next consider a Schechter-like
model
dN
dE
=
φ0(1 + z)
β
Emax
(
E
Emax
)−γ
exp
( −E
Emax
)
, (13)
where φ0 (in Gpc
−3 yr−1) is the volumetric rate nor-
malization at redshift z = 0, (1 + z)β represents pos-
sible evolution of FRB rate with redshift, γ is the energy
power-law index, and Emax is the maximum energy be-
yond which the rate cuts off exponentially. Hereafter,
we adopt the latest Planck cosmology and the numerical
integral relation z(DM) in Zhang (2018).
Equation (13) predicts the distribution of redshifts (or
DMs) and fluences for the observed bursts within the
effective all-sky exposure time Teff ,
N(≤ z,≥ F ) = φ0Teff
∫ z
0
dz
dV
dz
(1+z)β−1
∫ ∞
xmin
x−γe−xdx,
(14)
where dV/dz is the differential comoving volume, x =
E/Emax, and xmin = 4piD
2
L(z)F (1 + z)
0.5/Emax with
DL(z) as the luminosity distance. Note that the (1+z)
0.5
factor in xmin is the k-correction assuming an average in-
trinsic spectrum7 of Eν ∝ ν−1.5 (Macquart et al. 2019).
We carry out a Bayesian analysis of the 4-dimensional
parameter space p = (logφ0, β, γ, logEmax) by compar-
ing the model prediction with the observed distribution
7 For Eν = Eν0 (ν/ν0)
q with arbitrary q (where ν0 is the ob-
server’s reference frequency), we have xmin = 4piD
2
L(z)Fν0 (1 +
z)−q−1/Eν0,max. The cosmological rate evolution parameter β is
degenerate with the spectral index q due to k-correction. Variation
in spectral index ∆q roughly corresponds to a linear shift in β by
∆β ' (1−γ)∆q. We note that the average FRB spectrum across a
wide frequency range has not been well measured so far, so the cos-
mological evolution of FRB rate is not meaningfully constrained.
The other three parameters are not affected by this degeneracy.
as seen in Figure 1. The probability density function
(PDF) of the parameter vector is given by (besides a
normalization factor)
f(p) ∝ L(D|p)f0(p), (15)
where L(D|p) is the likelihood for the data D to oc-
cur under a given parameter vector p, and we take a
flat prior f0(p) for sufficiently wide ranges of param-
eters: logφ0 [Gpc
−3 yr−1] ∈ (−2, 3.5), β ∈ (−5, 5),
γ ∈ (1.1, 2.4), logEmax [erg Hz−1] ∈ (31, 36). The like-
lihood function measures the “goodness of fit” of how
well the model at p fits the data D. Since the data is a
2-dimensional distribution Nobs(≤ z,≥ F ), information
will be lost if we were to perform two marginalized 1-
dimensional KS (or χ2) tests (as shown in Figures 2 and
3). In the spirit of the 2-dimensional KS test (Peacock
1983; Fasano & Franceschini 1987), we take the following
likelihood function
L(D|p) = min
1≤i≤Ntot
[
P (k
(i)
1 , λ
(i)
1 ), P (k
(i)
2 , λ
(i)
2 )
]
, (16)
where λ
(i)
1 = N(> z
(i),≥ F (i)) and λ(i)2 = N(≤ z(i),≥
F (i)) are the expected number of detections in the first
and second quadrants, k
(i)
1 = Nobs(> z
(i),≥ F (i)) and
k
(i)
2 = Nobs(≤ z(i),≥ F (i)) are the actual number of de-
tections, i is the index of the observed bursts in our sam-
ple, and P (k, λ) = λke−λ/k! is the Poisson PDF. The
cumulative numbers of observables (z or F ) are not in-
dependent of each other (Jauncey 1967) and are hence
only used once in the likelihood function in Equation
(16).
The number of detections N(> z(i),≥ F (i)) is calcu-
lated by integrating Equation (14) from the redshift of
the i-th burst z(i) to a maximum value of zmax = 2. The
precise value of zmax is not important, as long as it is
much larger than the maximum redshift max(z(i)) ∼ 0.7
in our sample. We do not make use of the cumulative
numbers in the third and fourth quadrants N(≤ z(i), <
F (i)) and N(> z(i), < F (i)), because these numbers are
subjected to uncertainties of the telescope threshold flu-
ence Fth (see §5 for a discussion).
We then generate 106 Markov-Chain Monte Carlo
(MCMC) samples of the parameter vector p based on the
PDF f(p) in Equation (15), as shown in Figure 4. The
four parameters are constrained at 68% (1σ) confidence
level to be logφ0 [Gpc
−3 yr−1] ' 1.1+0.8−1.2, β ' 0.8+2.6−2.9,
γ ' 1.6 ± 0.3, logEmax [erg Hz−1] ' 34.1+1.1−0.7. The cu-
mulative rate above certain energy E  Emax at z = 0,
given by N(> E) = φ0(E/Emax)
1−γ/(γ − 1), is con-
strained to be logN(> 1032 erg Hz−1) [Gpc−3 yr−1] '
2.6 ± 0.4 (68% confidence). These constraints, although
weak due to small-number statistics, broadly agree with
our simple analytical results in §2 and §3. Our model
will provide tighter constraints on the FRB rate func-
tion when applied to the much larger samples expected
in the near future.
Finally, we compare the energy distribution function
given by the standard “1/Vmax” estimator (Schmidt
1968) with our Bayesian results in Figure 5. We calculate
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Fig. 4.— MCMC sampling of the PDF (Equation 15) of the parameters p = (logφ0, β, γ, logEmax), as constrained by the ASKAP
FRB sample. The three vertical dashed lines in the marginal distributions marks where the cumulative density function (CDF) equals to
0.16, 0.5, 0.84 (from left to right). The titles show the median (CDF= 0.5) and the error range at 68% (1σ) confidence level. This plot
was generated with the public code corner.py by Foreman-Mackey (2016).
the weighted sum
∑
i(Vmax,iTeff)
−1 for each energy bin8
(E, E + ∆E), where Vmax,i is the maximum observable
comoving volume for event i in this bin and Teff is the
effective all-sky survey time. For the Schmidt estimator,
we assume the FRB rate to be independent of redshift,
since the redshift evolution is not strongly constrained by
the small ASKAP sample. We also show the energy dis-
tribution functions (Equation 13) evaluated at redshift
z = 0.5 (where most bursts are located) for 103 ran-
domly selected MCMC samples of the parameter vector
p from our Bayesian analysis. The reasonable agreement
between these two independent methods means that our
understanding of the ASKAP FRB statistics is physical.
5. SAMPLE COMPLETENESS
It is possible that the ASKAP survey has missed some
bursts with fluence above our selection threshold Fth =
8 For the small ASKAP sample, the result of the Schmidt esti-
mator is sensitive to binning because of Poisson error. As we group
the bursts into logarithmic energy bins, a smooth distribution is
obtained when the number of bins is ≤ 5.
50 Jy ms, which would cause the sample to be biased.
The missing bursts may affect the overall DM and fluence
distribution and change the conclusions in the previous
sections (which are drawn from a potentially incomplete
sample). In this section, we show that the number of
missing bursts above 50 Jy ms is small (.3) and that the
differential incompleteness is a weak function of DM (i.e.,
the missing bursts do not preferentially have large or
small DMs).
The signal-to-noise ratio (S/N) for a burst with fluence
F and duration wobs can be estimated by (Shannon et al.
2018)
S/N ' F
wobs
√
2Bwobs
Ssys
, (17)
where B = 336 MHz is the observing bandwidth, Ssys '
2000 Jy is the system equivalent flux density of a single
beam, and wobs = (t
2
DM + t
2
samp + t
2
arr)
1/2 is the total du-
ration from a convolution of the DM smearing tDM, the
sampling time tsamp = 1.26 ms, and the burst width at
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Fig. 5.— The grey curves are the energy distribution functions
evaluated at redshift z = 0.5 (Equation 13) for 103 randomly se-
lected MCMC samples from our Bayesian analysis. The black cir-
cles with (Poissonic) error bars show the results from the standard
Schmidt estimator.
arrival tarr (which is given by the emission width, red-
shift, and scattering broadening). We have ignored the
residual time dispersion tδDM due to de-dispersion with a
slightly incorrect DM (Cordes & McLaughlin 2003). The
DM smearing is given by
tDM = 3.6 ms
DMtot
103 pc cm−3
∆ν
1 MHz
( ν
1.32 GHz
)−3
, (18)
where DMtot is the total DM of a burst, ∆ν = 1 MHz
is the the spectral resolution, and ν = 1.32 GHz is the
central frequency of the ASKAP survey. From Equations
(17) and (18), we see that finite temporal and spectral
resolution always decreases the S/N by broadening the
observed duration wobs.
We caution that Equation (17) only provides an ap-
proximate estimate of the S/N, because Ssys varies with
telescope operational status and the burst’s localization
(see James et al. 2019b, for detailed discussions), and
some narrow-spectrum bursts only partially fill the band-
width B. Additionally, the burst spectrum may not peak
at ν = 1.32 GHz, so the DM smearing may deviate from
Equation (18) by up to ∼30%. Nevertheless, the discus-
sion in this section stays qualitatively true even under
these variations.
In Figure 6, we show the distribution of the observed
widths and fluences, following Keane & Petroff (2015).
The observed widths cluster around ∼3 ms, because of
the sampling time tsamp ∼ 1 ms and the DM smear-
ing tDM ∼ 2 ms (such that many shorter bursts with
tarr . 1 ms have been broadened). The longest duration
burst has wobs,max = 7.3 ms (not strongly affected by DM
smearing) and fluence F = 95 Jy ms. We assume that
the total duration wobs is not correlated with the fluence
(no such correlation has been reported), so the number of
bursts in any (wobs, wobs +∆wobs) bin goes as N(> F ) ∝
F−3/2 as shown in Figure 3. Thus, a conservative esti-
mate of the number of missing bursts in the blue-shaded
region is given by 2 × (50−1.5 − 95−1.5)/95−1.5 ' 3.2,
where we have assumed that all bursts of width near
∼7.3 ms and fluence below 95 Jy ms have been missed.
Therefore, only a small fraction (about 10%) of the bursts
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Fig. 6.— The observed durations and fluences for ASKAP FRBs.
The colors represent the total DM of the bursts (in pc cm−3), and
symbol sizes are proportional to the S/N of the main beam of
detection. Triangles are for FRBs with S/N > 9.5 (the thresh-
old for reliable detection) while circles are for two bursts with
S/N < 9.5 (sub-threshold bursts may be recovered by using multi-
beam information). We show a few lines of constant S/N = 5
(solid), 9.5 (dash-dotted), and 20 (solid), as given by Equation
(17). We caution that the S/N for a particular burst may devi-
ate from our analytical estimate due to variations of the system
equivalent flux Ssys and spectral width B. The blue-shaded re-
gion marks where the ASKAP sample is fluence-incomplete above
50 Jy ms. The vertical dotted lines show the minimum observed
durations wobs,min = (t
2
samp + t
2
DM)
1/2 (taking tarr = 0) for three
different values of DMtot = 0, 300, and 600 pc cm−3.
above our fluence treshold Fth = 50 Jy ms may have been
missed in the ASKAP sample. This may be counter-
intuitive given the relatively coarse spectral resolution
of ∆ν = 1 MHz. It is the high fluence threshold (only
selecting those extremely bright bursts) that pushes the
incompleteness region to very long durations where FRBs
are sufficiently rare.
Figure 7 shows the total DM and S/N of the main
beam of detection for each burst. We also show a few
curves of the S/N expected for bursts of a given fluence
F (in Jy ms) and arrival width tarr (in ms). The variation
S/N(DM) in each curve is only due to DM smearing tDM.
We find that (i) long-duration faint bursts, represented
by the (F, tarr) = (50, 5) curve, are likely missed in our
sample; and (ii) for long-duration bursts, represented by
the two curves with tarr = 5, the S/N depends weakly
on DMtot, because the total duration wobs is dominated
by the arrival width tarr ( tDM). Thus, even if some
long-duration faint bursts have been missed in our sam-
ple, the differential incompleteness9 is a weak function
of DM (i.e., the missing bursts do not preferentially have
large or small DMs). The abrupt cutoff in the number
of bursts with DMtot & 750 pc cm−3 at S/N > 9.5 and
F > 50 Jy ms is not caused by loss of S/N due to ex-
cessive DM smearing. Instead, it can only be due to
the lack of these events arriving at the telescope, which
9 In the future, when a better understanding of the arrival du-
rations (tarr, including scattering broadening) is available, it is
straightforward to include a bias correction factor fbias(DM) for
bursts of different DMs in our Bayesian analysis.
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Fig. 7.— The total DM and S/N (of the main beam of detection)
for ASKAP FRBs. The colors represent burst fluences, and symbol
sizes are proportional to their total duration wobs. Triangles are
for FRBs with S/N > 9.5 while circles are for two bursts with S/N
< 9.5. We also show a few curves of the S/N expected for bursts
of a given fluence F (in Jy ms) and arrival width tarr (in ms),
as given by Equations (17) and (18). The dashed-dotted curves
are for F = 100 and the dashed curves are for F = 50. The
variation S/N(DM) in each curve is only due to DM smearing tDM.
The (F, tarr) = (50, 1) curve represents short-duration faint bursts
which should be well detected for the DM range of our sample.
The (F, tarr) = (50, 5) curve represents long-duration faint bursts
which are likely missed in our sample. The blue-shaded region
marks where our sample is fluence-incomplete above 50 Jy ms. The
shallow slope of the (F, tarr) = (50, 5) means that the differential
incompleteness is a weak function of DM for these long-duration
bursts.
is explained by a cutoff in the volumetric rate above a
maximum burst energy Emax in our model.
Recently, Connor (2019) studied how the finite time
and frequency resolution affects the distributions of the
observed burst duration, DM, and flux. The author ar-
gued that a large fraction of FRBs with short durations
tarr  1 ms and high DMs may have been missed in cur-
rent surveys, including ASKAP. Our approach is different
in that we aim to have a fluence-complete sample above a
threshold S/N whereas Connor (2019) focused on the ob-
served bursts above a threshold detection flux (see their
Equation 16). We know that S/N ∝ Fw−1/2obs ∝ Sw1/2obs
(Equation 17), where S = F/wobs = S0tarr/wobs is the
detection flux and S0 is the “intrinsic” flux arriving at the
telescope. Thus, fluence completeness depends crucially
on the number of longest-duration bursts whereas flux
completeness relies on shortest-duration ones. If there
exists a large number of short bursts with tarr  1 ms
(possibly down to nano-second timescale), as suggested
by the Parkes sample (Ravi 2019) and giant pulses of
Galactic pulsars, it is extremely difficult to achieve a
flux(S0)-complete sample. This is the motivation for why
we choose to study the energy distribution function of
FRBs but not the luminosity function.
6. DISCUSSION
We note a few caveats and highlight some implications
of our study.
(1) Instead of taking Fth = 50 Jy ms, we have also
tested a more conservative choice of fluence thresh-
old Fth = 60 Jy ms (which includes 15 out of the 23
bursts). According to §5, this smaller sample is bet-
ter fluence-complete with less bias against long-duration
faint bursts. We find that our model still provides a good
fit to the DM and fluence distributions, although the sta-
tistical constraints on the model parameters are slightly
worse.
(2) We have assumed that the DM excess (beyond the
Milky Way’s contribution) is largely due to the inter-
galactic medium and hence can be used as a distance
indicator. However, as we know from FRB 121102 (Ten-
dulkar et al. 2017), the host galaxy and the circum-burst
medium may contribute a significant fraction of DM. Un-
fortunately, the properties of FRB host galaxies are still
highly uncertain. We also tried subtracting a constant
host-galaxy contribution of 30 pc cm−3. The resulting
distribution N(< DM) becomes slightly shallower on the
low-DM end, and the Bayesian analysis gives similar pa-
rameter constraints. In the future, with a larger FRB
sample, it is possible to constrain the (averaged) host-
galaxy and circum-burst DM (e.g., from a supernova
remnant, Connor et al. 2016; Piro 2016; Piro & Burke-
Spolaor 2017; Piro & Gaensler 2018) by studying the
deviation of the DM distribution from a power-law on
the low-DM end. On the other hand, FRBs at z & 0.8
may randomly have their sight lines intersecting with a
few galactic haloes (McQuinn 2014; Prochaska & Zheng
2019). This effect causes stochastic deviations of the DM
distribution from our model.
(3) The scaling in Equation (8) breaks down at suf-
ficiently small fluences. This is because (i) the space-
time is no-longer Euclidean at high redshift (the co-
moving volume increases much slower than z3), and (ii)
N(> F ) is no longer dominated by bursts with E ∼ Emax
when the majority of them in the Universe have al-
ready been counted at higher fluences. For instance,
at F . Emax/4piD2L(z = 5) ' 1 Jy ms, the cumulative
number N(> F ) should be dominated by bursts with
E  Emax, and hence the fluence distribution becomes
N(> F ) ∝ F 1−γ . This means that a sensitive telescope
with fluence threshold  1 Jy ms can directly measure
the energy distribution slope γ by source counting. This
may explain the difference in logN-logF slopes given by
the Parkes and ASKAP samples (James et al. 2019a),
since the former has a much lower fluence threshold. In
the future, with a much larger (well-controlled) sample
down to a lower fluence threshold, it is possible to con-
strain the redshift evolution of FRB rate (Macquart &
Ekers 2018), which will in turn constrain the progenitor
models for FRBs.
(4) The first repeater has been localized to a metal poor
star-forming dwarf galaxy, suggesting that there may be
some relation to a long gamma-ray bursts and superlu-
minous supernovae (Metzger et al. 2017). As more FRBs
are localized, an important constraint to the progenitor
model will be how much variety is seen in the hosts.
If, for example, some FRBs are found to have distinct
hosts from others, one might conclude that they have
different progenitors. If the distributions of the various
FRB populations continue to obey similar energy dis-
tributions and maximum energies as we describe here,
it argues that the underlying source is the same even
8if the situation that generated the source is different.
For instance, in the magnetar picture, one could imagine
magnetars generated both from young massive stars and
old stellar environments by neutron star or white dwarf
mergers. FRBs from these two populations could vary
in a number of ways, from the host galaxies, to the local
DM, to the rotation measure and presence of a persis-
tent radio source. But by looking at the burst statistics
as we describe here, we may understand if the underlying
source is the same.
7. SUMMARY
This work uses the ASKAP sample, which we show
to be reasonably complete above 50 Jy ms, to study the
energetics and cosmological rate of the whole FRB pop-
ulation.
We find that the ASKAP sample is well described
with a power-law energy distribution with slope γ =
−dlogN/dlogE ∼ 1.7, independent of whether they in-
dividually repeat themselves. This is because the ob-
served DM distribution scales as N(> DM) ∝ DM5−2γ
(for γ > 1). The abrupt cutoff in the number of
bursts with DM & 750 pc cm−3 suggests that the FRB
population has a maximum specific energy of Emax ∼
a few × 1033 erg Hz−1 above which the volumetric rate
rapidly drops. For a spectral width of ∼1 GHz, this im-
plies a maximum isotropic energy of order 1042 erg or
isotropic luminosity of order 1045 erg s−1 for millisecond
duration, which is a factor of a few to ten higher than
that found by Luo et al. (2018) from the Parkes sample.
The existence of a maximum energy Emax causes the
observed fluence distribution to be N(> F ) ∝ F−3/2
at high fluences, because the number of bursts is domi-
nated by those at distances D ∼ √Emax/4piF . At suf-
ficiently low fluences, the distribution approaches N(>
F ) ∝ F 1−γ , reflecting the intrinsic energy distribution.
The transition between these two regimes is sensitive to
the evolution of FRB rate at high redshift.
Besides simple analytical insights, we also present a
numerical Bayesian analysis of the ASKAP sample by
comparing the observed distributions with the predic-
tions from a Schechter-like model for the FRB rate
(Equation 13). The results are shown in Figure 4.
The energy distribution power-law index and the max-
imum energy are constrained to be γ ' 1.6 ± 0.3 and
logEmax [erg Hz
−1] ' 34.1+1.1−0.7 (68% confidence), respec-
tively. From the survey exposure time, we further in-
fer a cumulative local volumetric rate of logN(E >
1032 erg Hz−1) [Gpc−3 yr−1] ' 2.6±0.4 (68% confidence).
Finally, we compare the energy distribution function
given by the standard “1/Vmax” estimator with that from
our Bayesian approach. These two independent methods
give consistent results as shown in Figure 5, which means
that our understanding of the ASKAP FRB statistics is
physical. Our model will give tighter constraints on the
statistical properties of FRB rate when applied to the
much larger samples to be collected in the near future.
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